Exposure to benzene increases the risk for acute myeloid leukemia and possibly other types of cancer in adults. For children, only limited evidence about benzene and cancer exists. A few studies have indicated that benzene may increase risk for some subtypes of childhood cancer but not for others. We aimed to investigate if outdoor levels of benzene at the residence increase the risk for subtypes of leukemia, lymphoma and CNS tumor in children. We identified 1,989 children diagnosed with leukemia, lymphoma or CNS tumor during 1968-1991 in the Danish Cancer Registry and randomly selected 5,506 control children from the Danish population, matched on sex, age and calendar time. We traced residential history of all children from 9 months before birth to time of diagnosis, calculated outdoor benzene concentration at all addresses and summarized cumulative exposure over fetal and childhood periods separately. We used conditional logistic regression for the statistical analyses. Benzene exposure during childhood above the 90th percentile was associated with relative risks for acute lymphocytic leukemia (ALL) and acute myeloid leukemia (AML) of 1.0 (95% confidence intervals (CI): 0.6-1.7) and 1.9 (95% CI: 0.3-11.1), respectively, when compared with exposure levels below the median. For CNS tumors, there was a tendency of lower risk for ependymoma and higher risk for medulloblastoma in association with higher exposure. In conclusion, benzene was associated with higher risk for childhood AML, but not ALL, which is consistent with the few previous studies.
Cancer in children (<15 years) is rare with incidence rates between 100 and 150 per million person-years in most parts of the world. 1 Nevertheless, 15% of deaths in ages 5-14 years are due to cancer, making it the leading disease causing death in children beyond infancy. 2 The few established risk factors include ionizing radiation (leukemias, CNS tumor), EpsteinBarr virus (lymphomas) and genetic syndromes (leukemia, CNS tumor). 3, 4 These risk factors can, however, only explain a small proportion of cases. [3] [4] [5] Leukemia, CNS tumors and lymphomas are the three most frequent types of childhood cancer, constituting approximately two-thirds of all cases. There is convincing evidence that benzene causes acute myeloid leukemia (AML) in adults exposed to relatively high concentrations at work, 6 leading to the hypothesis that benzene is also a cause of childhood leukemia. Benzene occurs in the ambient air pollution mixtures emitted from sources such as traffic and some industries. Previous studies have investigated associations between generic indicators for air pollution mixtures, thus indirectly addressing potential for benzene exposure in outdoor (e.g., proximity to traffic and petrol stations) or indoor air (e.g., household use of solvents). These studies mostly show associations with risk for childhood leukaemia [7] [8] [9] but specific pollutants in the air pollution mixtures (such as benzene) cannot be pointed out as responsible for the associations. Tobacco smoke includes benzene but studies on maternal smoking during pregnancy indicated no association with risk for acute lymphocytic leukemia (ALL) in children. 8 Eleven case-control studies have quantified benzene concentration at the residence of children and investigated associations mainly with risk for leukemia, but also CNS tumor, lymphomas and other types of childhood cancer. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In recent years, research has focused on benzene in relation to subtypes of childhood cancers, and indicated that results might differ according to subtypes of leukaemia 12, 14, 18, 20 and CNS tumour. 17 In 2001, we reported on benzene concentrations and risk for the three main types of childhood cancer: leukemia, CNS tumor and lymphomas. 10 Due to the recent interest for associations between benzene and specific subtypes of childhood leukemia and CNS tumor, we aimed to use the data material from our 2001 study and report on fetal and childhood exposure to benzene in relation to subtypes of leukemia and CNS tumor and non-Hodgkin lymphoma (NHL).
Material and Methods
The material and methods are similar to those of our previous study, 10 and we give only a brief summary here. We used an individually matched case-control design. We identified cases of first childhood cancer in the Danish Cancer Registry, 21 who were born in Denmark in 1960 onwards and received their diagnosis at an age below 15 years between 1968 and 1991. We included leukemia, CNS tumor and lymphoma. Control children were randomly drawn from the entire Danish population. 22 They had to have been born in Denmark and been alive and cancer-free at the time of diagnosis of the corresponding case. We matched two, three and five control children to each case of leukemia, CNS tumor and lymphoma, respectively, by sex, age and calendar time.
We traced residential addresses of children during childhood and their mothers during pregnancy in Danish Registries and identified 18,440 addresses at which 7,495 pregnant mothers and children had lived. 10 The average concentration of benzene at the front door of each residence was calculated by the Operational Street Pollution Model for the exact period when the families resided at the address. The model has been described in detail elsewhere and the correlation coefficient between modeled and measured benzene at 76 locations in the Greater Copenhagen area was 0.62. 23 Exposure was summarized as "exposure level 3 time" over each address during pregnancy and childhood separately. The time-window for which exposure was calculated was exactly equal for a case and the matched controls. We used the International Classification of Diseases for Oncology (ICD-O) to define subgroups of leukemia: ALL, AML; NHL; CNS tumor: ependymoma, astrocytoma, medulloblastoma and for this study of these subtypes of childhood cancer, we included 1,506 cases and their 5,428 controls. We used conditional logistic regression for the analysis and the 50th and 90th percentiles for the total study population as cutoff points to form three exposure groups. We chose the 50th and 90th percentiles as cutoff points (rather than tertiles or quartiles) because the distribution of exposure was right-skewed (Supporting Information, Figure O1 ). We estimated a linear trend based on log-2 of the exposure; this was chosen to avoid excessive influence of a few observations in the very high end of the right-skewed exposure distribution. The analyses were adjusted for degree of urban development (seven categories based on number of inhabitants), geographical region (eight regions of Denmark), type of residence (three categories of proportion of time lived in a one-family house), electromagnetic fields (three categories; calculated fields, 24 mother's age (five categories) and birth order (four categories); the definitions and categories are given in Table 1 and our previous report. 10 The potential confounders were selected a priori based on potential for association with benzene levels and risk for a childhood cancer diagnosis. A priori, we specified exposure and statistical analyses to follow the approach used in our previous report. 10 To investigate the sensitivity of our results, and to increase comparability with the results of other studies, we repeated analyses (1) using quartiles of exposure instead of three groups defined by the 50th and 90th percentile, (2) defining exposure as timeweighted averages (TWA) instead of the cumulative "exposure level 3 time" measure and (3) using the benzene concentration only at the address at time of birth and time of diagnosis instead of taking into account all addresses during pregnancy and childhood.
Results Table 1 shows slight differences between cases and controls in the distribution of mother's age, birth order, residential birth region, urbanization, living in a one-family house and exposure to electromagnetic field. The distribution of cumulative exposure was right-skewed (Supporting Information, Figure O1 ) ranging between 2.4 and 114,164 ppb days (mean: 5,431) with TWA concentrations between 0.8 and 26.0 ppb (mean: 2.2). Benzene exposure during childhood above the 90th percentile was associated with relative risks (RR) for ALL and AML of 1.0 (95% CI: 0.6-1.7) and 1.9 (95% CI: 0.3-11.1), respectively, when compared with exposure levels below the median. We also found higher relative risk for AML, but not ALL, in association with exposure during pregnancy ( Table 2) . However, the number of cases was small in some of the highest exposure groups, resulting in wide confidence intervals (CI). The results also suggested a higher RR for NHL with higher exposure during pregnancy (RR 5 1.6; 95% CI: 0.8-3.3), whereas exposure during childhood was virtually unrelated to risk for NHL. The highest exposure category during both pregnancy and childhood was associated with lower risk for ependymomas (RR 5 0.3; 95% CI: 0.0-1.7; childhood exposure) and a higher risk for medulloblastoma (RR 5 1.7; 95% CI:
Benzene is classified as a human carcinogen causing acute myeloid leukemia (AML) in adults exposed to relatively high concentrations at work. It is, however, uncertain whether low concentrations of benzene in outdoor air causes leukemia in children. In this population-based case-control study, the authors found an association between risk for acute myeloid leukemia-but not acute lymphocytic leukemia (ALL)-in children and benzene concentration outside their residence. The results are in line with the few previous studies examining exposure to outdoor benzene and risk for AML in children.
0.7-4.2; pregnancy exposure) ( Table 2 ). The two higher exposure categories during childhood was associated with higher risk for astrocytomas (RR 5 1.5; 95% CI: 0.7-3.1; highest exposure category) whereas exposure during pregnancy was not. The results of Table 2 without adjustment for potential confounders are shown in Supporting Information, Table O1 .
Sensitivity analyses using quartiles of exposure showed similar tendencies for ALL, AML and NHL whereas the tendencies observed for ependymomas were not clear in the quartile-based results. The quartile-based results, however, showed an association with risk for medulloblastoma in association with exposure during both pregnancy and childhood (Supporting Information, Table O2 ). Analyzing associations with TWA instead of cumulative exposure showed similar results for the pregnancy period and most results for exposure during childhood; however, only a weak tendency was seen for AML and no tendency was seen for astrocytoma (Supporting Information, Table O3 ). Supporting Information, Table O4 shows results based on assessment of exposure at the address at birth and at diagnoses, respectively. The results indicate higher risks for AML and medulloblastoma, but a lower risk for ependymomas, in association with exposure at the birth address and higher risk for astrocytoma in association with exposure at the address at diagnosis. Supporting Information, Table O5 shows spearman's correlation coefficients between 0.60 and 0.92 between the different exposure matrices.
Discussion
We found a tendency of a higher risk for AML-but not ALL-in children in association with higher outdoor benzene levels at their residence. Point estimates showed a positive association between benzene levels during pregnancy and risk for NHL, whereas no association was observed with childhood exposure. Furthermore, the highest benzene level was associated with a lower risk for ependymoma and a higher risk for medulloblastoma. The strengths of this study include identification of cases in the reliable and almost complete Danish Cancer Registry, the selection of control children from the nationwide, complete population registry, the access to address history, application of a successfully validated model for exposure assessment 23 and a relatively large dataset. Limitations include nondifferential misclassification of exposure, which will inevitably occur when using a model for exposure assessment. We would not expect such misclassification to create artificial associations but rather to influence the relative risk estimate towards 1.0. Another limitation is the limited number of cases in the highest exposure group. We adjusted for some suggested risk factors for childhood cancer but had no information about others, such as maternal occupational exposure to benzene. 25 We have identified five previous case-control studies investigating associations between outdoor residential benzene levels and risk for subtypes of acute leukemia in children (Table 3) ; the first two of these were included in a previous review. 9 In the Emilia-Romagna region, Northern Italy, Vinceti et al. 14 Benzene concentration measured at the nearest fixed site monitoring station within 2 km (ALL) and 6 km (AML) was allocated to addresses. They found ORs of 1.44 (95% CI: 0.84-2.48) for ALL and 1.94 (95% CI: 0.89-4.19) for AML per interquartile range increase in benzene during pregnancy. Houot et al. modeled benzene concentration at the addresses of 517 incident acute leukaemia cases (0-14 y) and 6,147 control children living in France. 18 Cases were identified in the National Registry of Childhood Hematopoietic Malignancies and control children were selected from a population-based tax-database, matched on calendar year. When comparing benzene concentrations above with below the median concentration, the OR for ALL was 0.9 (95% CI: 0.7-1.0) and 1.6 for AML (95% CI: 1.0-2.4). Symanski et al. identified 1,248 cases (0-4 y) of ALL in the Texas Cancer Registry and selected 12,172 population control children from birth certificates. 19 Concentrations of benzene, 1,3-butadiene and polycyclic organic matter at census tract level was taken from the U.S. EPA National-Scale Air Toxics Table 2 . Association between residential benzene exposure during pregnancy and childhood and risk of subtypes of leukemia, lymphoma and CNS tumor All results adjusted for degree of urbanization, geographical region, type of residence, electromagnetic fields, mother's age and birth order. 1 Trend estimate per doubling of exposure.
Cancer Epidemiology Table 3 . Summary of characteristics and results from six case-control studies, which analyzed associations between outdoor benzene concentration at children's residence and risk of acute lymphocytic leukemia and/or acute myeloid leukemia 20 They selected 1,013 population controls from birth certificates, matched on week of birth. Addresses were allocated to the census tract and benzene concentrations for each census tract were extracted from the NATA database. The results indicated no association between benzene and ALL, with an OR for the highest quartile compared to the lowest of 1.06 (95% CI, 0.65-1.74). In contrast, the OR for AML was 2.42 (95% CI, 0.98-5.96) with indication of exposure-response over quartiles but not over an alternative exposure categorization. Thus, our results of an association between benzene and risk for AML, but not ALL, in children fits remarkably well with the risk pattern observed in the five previous studies. That risk pattern was also noted by the expert group convened recently by the IARC to evaluate the evidence for benzene as a human carcinogen. 26 Two previous studies quantified benzene concentration outside child residence and analyzed associations with subtypes of CNS tumor. Danysh et al. found higher incidence rates of primitive neuroectodermal tumors (PNET) in the census tracts of Texas, with the highest benzene concentrations but virtually no association for astrocytoma, ependymoma or medulloblastoma. 5 Von Ehrenstein et al. also showed a higher risk for PNET but a lower risk for medulloblastomas and astrocytomas in association with benzene concentrations at the residence in California, USA. 17 In contrast to these studies, we found a tendency of higher risk for medulloblastoma. We are aware of no previous study reporting on associations between quantified benzene levels at children's residence and risk for childhood NHL; our finding suggesting a positive association with maternal exposure during pregnancy should be considered as hypothesis-generating and warrants further research. Several studies have addressed risk for childhood cancer subtypes in association with indicators for outdoor air pollution. Studies mostly found higher risk for ALL but not AML in association with traffic density and NO 2 , 9,27 which is opposite to the picture from studies of benzene. Heck et al. found higher risk for ependymoma and medulloblastoma but lower risk for NHL and astrocytoma in association with fine particulate matter (PM 2.5 ), and slightly higher risk for NHL and ependymoma in association with traffic density. 28 Lavigne et al. found higher risk for astrocytoma in association with PM 2.5 . 27 It is unknown to which extend these markers of outdoor air pollution correlate with actual benzene concentrations at children's homes and interpretation in terms of association between benzene concentration and risk for childhood cancer is, therefore, not straight forward.
Our results indicated different risk patterns for pregnancy and childhood exposure in association with risk for NHL, astrocytomas and medulloblastoma, which only persisted in the sensitivity analyses for NHL. Von Ehrenstein et al. reported similar risk estimates for astrocytomas and medulloblastoma in association with pregnancy and infant life exposure to benzene. 17 Lavigne et al. reported stronger associations with astrocytoma for exposure to NO 2 during infancy compared to pregnancy but the opposite picture for exposure to PM 2.5 . 27 We are aware of no other study reporting on risk for NHL in association with benzene exposure during pregnancy and childhood separately. Thus, given the wide and overlapping CI for risk estimates in association with the two exposure time windows in our study and given the lack of support from other studies, we consider these differences for astrocytoma, medulloblastoma and NHL as chance findings-unless confirmed in future studies.
In summary, our results-together with the results of the previous similar studies on leukaemia subtypes-show a pattern of higher risk for childhood AML-but not ALL-in association with outdoor benzene concentration at the residence. It is too early for firm conclusions: only few studies have been published using different exposure assessments, the confidence intervals are generally wide due to low number of cases and confounding from correlated air pollutants in the air pollution mixture cannot be excluded. AML is a rare disease among children and a future conclusion about a possible link between benzene and AML in children will probably have to rely on the collective evidence from many small studies.
